Preimplantation mouse embryos were incubated for various periods in the "4C-labeled intermediates of the tricarboxylic acid cycle, malate, citrate, or 2-oxoglutarate. A marked increase in uptake of these substrates first occurred at the 4-cell stage, the uptake increasing with the length of incubation and the developmental stage of the embryo. In the light of recent observations on ultrastructural changes in mouse embryos with development, studies of mitochondrial transport systems, and the growth of metabolic activities in developing mouse embryos, the increase in accumulation of the tricarboxylic acid cycle intermediates with development may indicate fundamental changes in mitochondrial function that is necessary for further development. From nutritional studies of preimplantation mouse embryos, Biggers, Whittingham, and Donahue (1) suggest that development is dependent upon fewer metabolic pathways at early than at later cleavage stages. Only four substrates (pyruvate, lactate, oxaloacetate, and phosphoenolpyruvate) allow development in vitro of 2-cell embryos into blastocysts (2), while several compounds individually support the development of 8-cell embryos to the blastocyst stage (3). The reason for the increase in number of utilizable substrates at later cleavage stages may involve changes in membrane permeability, synthesis of specific enzymes, and activation of enzymes by the provision of cofactors. 2-Cell embryos have been shown to be as permeable to glucose as 8-cell embryos (4), but there is little accumulation of malate by the 2-cell stage, in contrast to the 8-cell stage (5). Because the tricarboxylic acid (TCA) cycle intermediates, malate, citrate, and 2-oxoglutarate, support development of 8-, but not 2-cell embryos, and may be transported by a common mechanism in the proximal tubules of the dog kidney (6), we examined the accumulation of these compounds by mouse embryos from the 2-cell to morula stages. We demonstrate that a marked increase in uptake of these substrates first occurs at the 4-cell stage, with the rate of uptake increasing as development proceeds. The increase is discussed in relation to mitochondrial transport systems.
From nutritional studies of preimplantation mouse embryos, Biggers, Whittingham, and Donahue (1) suggest that development is dependent upon fewer metabolic pathways at early than at later cleavage stages. Only four substrates (pyruvate, lactate, oxaloacetate, and phosphoenolpyruvate) allow development in vitro of 2-cell embryos into blastocysts (2) , while several compounds individually support the development of 8-cell embryos to the blastocyst stage (3) . The reason for the increase in number of utilizable substrates at later cleavage stages may involve changes in membrane permeability, synthesis of specific enzymes, and activation of enzymes by the provision of cofactors. 2-Cell embryos have been shown to be as permeable to glucose as 8-cell embryos (4), but there is little accumulation of malate by the 2-cell stage, in contrast to the 8-cell stage (5). Because the tricarboxylic acid (TCA) cycle intermediates, malate, citrate, and 2-oxoglutarate, support development of 8-, but not 2-cell embryos, and may be transported by a common mechanism in the proximal tubules of the dog kidney (6), we examined the accumulation of these compounds by mouse embryos from the 2-cell to morula stages. We demonstrate that a marked increase in uptake of these substrates first occurs at the 4-cell stage, with the rate of uptake increasing as development proceeds. The increase is discussed in relation to mitochondrial transport systems.
MATERIALS AND METHODS
6-to 8-week-old, female Swiss mice that are random-bred (Hazelton-Carbia) were maintained on a 14-hr light cycle (6 a (range 67-71) , and morulae at 77 hr (range 74.5-81). The embryos were flushed from the oviducts with a complete mouse-embryo culture medium (Table 1) , then transferred to a tube containing 1 ml of the medium maintained at 370C in a water bath, and gassed with 5% CO2 in air. After all embryos had been pooled, they were washed in 2 ml of a substrate-free medium (Table 1) washed free of radioactive medium by the method of Wales tained after transformation back to the arithmetic scale. The and Biggers (5), and then resuspended in distilled water. The degrees of freedom and confidence limits are based on the suspension was transferred to a scintillation vial and evaporblock x treatment interaction, and thus represent the most ated at room temperature. 1 ml of Bio-Solve BBS-3 (Beckman) conservative limits. (Table 2) . (Uptake or accumulation refers an analysis of variance presented by Mathai (7) . The adjusted to the net quantity of label measured in the embryo and does means and confidence limits shown in Tables 1 and 2 are obnot account for loss of label through metabolism.) Entry of The net concentrations of substrates were low in 2-cell embryos, but were not correlated with the duration of incubation for the intermediates, citrate and 2-oxoglutarate. The reason for the lack of correlation is unknown. In contrast, malate gradually entered the 2-cell embryo, but in far less quantity than observed at the 8-cell stage. NAD-dependent malic dehydrogenase (EC 1.1.1.37) hasbeen measured in mouse embryos (8, 9) and studies of this enzyme in other systems (10, 11) show a distribution between mitochondria and cytoplasm. Malate is possibly utilized in 2-cell embryos by cytoplasmic dehydrogenase, but not in sufficient quantity to support development. As development proceeds, malate dehydrogenase activity increases (8, 9) ; this is likely due to a synthesis of both the cytoplasmic and mitochondrial enzymes (11) .
As a control to check the viability of embryos after the collecting and washing procedures, 2-and 4-cell embryos were grown to blastocysts in complete medium after all experimental embryos from the same pool had been incubated in labeled media. Since development into blastocysts of 8-cell embryos can be supported by the labeled substrates, incubations of 8-cell embryos and morulae in these substrates served as controls for both viability and for possible harmful effects of radiation on the growth of the embryo. In both sets of controls incubated, each with at least 15 embryos, from 40 to 100% blastocysts grew. The variation in the yield of blastocysts was not related to the radioactivity in the medium.
DISCUSSION
Are the uptakes of TCA-cycle intermediates determined by the surface area of cell membrane or by other factors? If we assume that the uptakes of TCA-cycle intermediates are dependent on passive diffusion, then the quantity of substrate accumulated should be proportional to the surface area. If we assume that all blastomeres are spherical and that all cell surfaces are available for absorption, the maximum theoretical total surface area (S,,) of an embryo with n blastomeres is given by the formula, S, = (36 nwVn2)/3, of 2-and 8-cell embryos, as measured by Lewis and Wright (12) , the total surface area of the 8-cell embryo is 2.58 X 10-2 mm2, and that of the 2-cell embryo is 1.78 X 102 mm2. The ratio of surface areas shows that a 1.45-fold increase occurs between the 2-cell and 8-cell stages. The ratio of uptakes in the presence of glucose for these two stages varies with the duration of incubation from 2.9 to 32 for citrate, 18.5 to 246 for 2-oxoglutarate, and 24.3 to 52.1 for malate; in the absence of glucose, these ratios are greater. These calculations support the idea that factors other than passive diffusion are involved, but this problem needs more critical study.
Wales and Biggers (5) Recent work on the ultrastructure of the mouse embryo shows that the morphology of mitochondria changes with development (13) (14) (15) . The 2-cell stage is characterized by mitochondria with a spherical shape, a few cristae, that are parallel to the inner membrane, and large vacuoles of low electron density. The appearance of mitochondria with transverse cristae that appear in the late 4-cell embryo (14) may be related to the large increase in uptake of TCA-cycle intermediates that has been observed in this study to begin at the late 4-cell stage.
Chappell (16) has recently proposed that the transport of TCA-cycle intermediates into the mitochondria involves selective anion transport systems located in the inner membrane and cristae. These include: a dicarboxylic anion carrier for malate, a 2-oxoglutaric carrier, and a tricarboxylic carrier for citrate. These transport mechanisms presumably operate by exchange-diffusion, anion for anion, and are susceptible to specific inhibitors. That the development of the 2-cell mouse embryo can be supported by only three other compounds in addition to pyruvate (lactate, oxaloacetate, phosphoenolpyruvate), each one metabolic step from pyruvate, may indicate that the mitochondria of 2-cell mouse embryos are relatively impermeable to TCA-cycle intermediates. Isolated mitochondria of housefly flight-muscle are known to be impermeable to TCA-cycle intermediates (17, 18) . The only respiratory substrates that penetrate these mitochondria are pyruvate and a-glycerophosphate, the end products of glycolysis in the flight muscle. The suggestion has been made that these mitochondria lack the anion carrier transporters. (24) .
Oxygen consumption increases at two stages, shortly after fertilization and again at the blastula stage. At the blastula stage, malate and succinate dehydrogenase activities parallel the rise in oxygen consumption. With advancing development, mitochondrial density, cristal density, and the size of mitochondria increase. Changes in the form of mitochondria from the spherical-oval to rod-shaped configuration are analogous to those seen in the mouse and rabbit. Metabolic studies from incorporations of ammonia, acetate, alanine, or carbon dioxide indicate that mitochondrial activity is relatively low before the blastula stage and that carbohydrate and lipid energy sources do not appear to be completely oxidized by the TCA cycle in early development. In amphibia, oxygen consumption (25) increases with development, as do malate and isocitrate dehydrogenase activities (26) . A change in mitochondrial function is also inferrred from peaks of total activities of TCAcycle enzymes between days 2 and 4 of development in chick embryos (27) .
Of what significance are these changes of mitochondrial structure and metabolism in the life cycle of the early embryo? Evidence accumulating from metabolic studies has led to the hypothesis that early embryonic metabolism is regulated by maternal factors synthesized in the oocyte and activated after fertilization (28) . Recently, Dawid* has been able to demonstrate in hybrid Xenopus embryos the direct inheritance of mitochondrial DNA that is solely of maternal origin. He has also suggested that mitochondrial DNA codes only for mitochondrial protein-synthesizing machinery. It is possible that maternal components of the embryonic cytoplasm, including mitochondria, are utilized by the early embryo for energy metabolism until the new diploid genome activates the synthesis of the enzymes necessary for widespread changes in metabolism. In this respect, the marked uptake of TCA-cycle intermediates by the 4-cell mouse embryo represents indirect evidence for a shift in mitochondrial metabolism. This change could involve the synthesis of structural and enzymatic mitochondrial proteins. The increase in number of mitochondrial cristae observed at later developmental stages would be associated with heightened mitochondrial respiratory activity.
